Lipoprotein lipase (LPL) is a 448-amino-acid head-to-tail dimeric enzyme that hydrolyzes triglycerides within capillaries. LPL is secreted by parenchymal cells into the interstitial spaces; it then binds to GPIHBP1 (glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1) on the basolateral face of endothelial cells and is transported to the capillary lumen. A pair of amino acid substitutions, C418Y and E421K, abolish LPL binding to GPIHBP1, suggesting that the C-terminal portion of LPL is important for GPIHBP1 binding. However, a role for LPL's N terminus has not been excluded, and published evidence has suggested that only full-length homodimers are capable of binding GPIHBP1. Here, we show that LPL's C-terminal domain is sufficient for GPIHBP1 binding. We found, serendipitously, that two LPL missense mutations, G409R and E410V, render LPL susceptible to cleavage at residue 297 (a known furin cleavage site). The C terminus of these mutants (residues 298 -448), bound to GPIHBP1 avidly, independent of the N-terminal fragment. We also generated an LPL construct with an in-frame deletion of the N-terminal catalytic domain (residues 50 -289); this mutant was secreted but also was cleaved at residue 297. Once again, the C-terminal domain (residues 298 -448) bound GPIHBP1 avidly. The binding of the C-terminal fragment to GPIHBP1 was eliminated by C418Y or E421K mutations. After exposure to denaturing conditions, the C-terminal fragment of LPL refolds and binds GPIHBP1 avidly. Thus, the binding of LPL to GPIHBP1 requires only the C-terminal portion of LPL and does not depend on full-length LPL homodimers.
INTRODUCTION
GPIHBP1 (glycosylphosphatidylinositol-anchored high density lipoprotein-binding protein 1) binds lipoprotein lipase (LPL) in the subendothelial spaces and transports it to the capillary lumen, where it hydrolyzes triglycerides within the plasma lipoproteins (1, 2) . GPIHBP1 has two noteworthy domainsan N-terminal acidic domain enriched in aspartates and glutamates and a cysteine-rich lymphocyte antigen 6 domain (3, 4) . Mutagenesis studies have established that both of these domains are crucial for GPIHBP1's ability to bind to LPL (5 -7) . LPL is secreted as a homodimeric enzyme, with each partner monomer consisting of an N-terminal catalytic domain (amino acids 1 -312) and a C-terminal region (amino acids 313-448) that plays a role in binding triglyceride substrates (8 -11) . LPL monomers are catalytically inactive (12, 13) . Evidence from human genetics suggests that LPL's C terminus plays a role in LPL -GPIHBP1 interactions: a pair of missense mutations in LPL's C-terminal domain, C418Y and E421K, abolishes LPL's capacity to bind to GPIHBP1 (14) . † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. Although some of the sequences necessary for GPIHBP1 -LPL interactions are beginning to come into focus (5 -7), many questions remain. Certain amino acids within the C-terminal domain of LPL appear important for GPIHBP1 binding, but a role for LPL's N terminus has not been excluded. Also unclear is whether LPL dimers are required for LPL -GPIHBP1 interactions. LPL dimerizes in a headto-tail fashion; the best evidence for this arrangement is that a single molecule containing two consecutive LPL open reading frames, separated by a 6-amino-acid spacer, is enzymatically active (15) . Those experiments implied that the N-and C-terminal ends of LPL are in close proximity, and experiments have implied that the C-terminal triglyceridebinding sequences from one monomer capture triglyceride substrates for cleavage by the N-terminal catalytic domain of the partner monomer (11) . At this point, no one knows whether the N-and C-terminal domains both contribute to LPL's GPIHBP1-binding site.
Two considerations led us to suspect that GPIHBP1 might bind only LPL dimers. The first was purely teleological-we were skeptical that nature would devise a system that would allow catalytically inactive LPL monomers to be bound by GPIHBP1 and transported to the capillary lumen. The second consideration was experimental: subjecting LPL dimers to denaturing conditions (which promotes monomer formation) abolishes LPL binding to GPIHBP1 (16) . Neither consideration is conclusive; additional experiments are needed to explore this concept.
In the current study, we asked whether the C-terminal portion of LPL, independent of the N-terminal domain, might be capable of binding to GPIHBP1. Addressing this question was facilitated, serendipitously, by the discovery that certain LPL missense mutations render LPL susceptible to an endoproteolytic cleavage event that separates LPL's Nand C-terminal domains.
RESULTS
Amino acid substitutions at LPL residues 409 and 410 render LPL susceptible to endoproteolytic cleavage
In an earlier study (14) , we reported that LPL, C418Y and E421K, mutations abolish LPL's ability to bind to GPIHBP1 and do so without affecting catalytic activity. Two other C-terminal mutations, G409R and E410V, have also been identified in the setting of chylomicronemia (17, 18) . To define mechanisms underlying the G409R and E410V mutations, we introduced those mutations into the LPL-V5 construct. After expressing the mutant LPL-V5 constructs in CHO-K1 cells, we found that both G409R and E410V mutations rendered LPL highly susceptible to an endoproteolytic cleavage event that releases a 28-kDa C-terminal fragment (containing the V5 tag). This C-terminal fragment bound to GPIHBP1-expressing CHO-K1 cells avidly, as did full-length wild-type LPL-V5 (Fig. 1) . The binding of both the full-length LPL-V5 and the 28-kDa C-terminal fragment to GPIHBP1 was inhibited by heparin. [The extent of inhibition of binding by heparin was generally less with the G409R mutation, possibly because that mutation introduces a positively charged residue near LPL's principal heparin-binding domain (residues 403, 405 and 407) (19) .] Similar results were obtained in an independent experiment (Supplementary Material, Fig. S1 ).
We suspected that the 28-kDa fragment from LPL-V5 (G409R) and LPL-V5 (E410V) resulted from an increased susceptibility to a known furin cleavage site at LPL residue 297 (20, 21) . To test this possibility, CHO-K1 cells were transfected with LPL-V5, LPL-V5 (G409R) and LPL-V5 (E410V) constructs in the presence or the absence of a furin inhibitor CMK. CMK had no effect on the secretion of LPL-V5 from cells but abolished the secretion of the 28-kDa fragment from LPL-V5 (G409R) and LPL-V5 (E410V) (Supplementary Material, Fig. S2 ). Introducing an R297A mutation into the constructs [a mutation that blocks the furin cleavage event (20) ] had no effect on the secretion of LPL-V5 but abolished the secretion of the 28-kDa fragment from LPL-V5 (G409R) and LPL-V5 (E410V) transfected cells (Supplementary Material, Fig. S2 ).
The C-terminal cleavage fragment of LPL binds to GPIHBP1
To determine if the other half of LPL-V5 (G409R) (i.e. the N-terminal fragment) is also secreted from cells, and if so, Figure 1 . Western blot assay of LPL binding to GPIHBP1-expressing CHO-K1 cells. We examined the binding of LPL with a C-terminal V5 tag (LPL-V5) and variants of the same construct with G409R or E410V mutations. The G409R and E410V mutations render LPL susceptible to an endoproteolytic cleavage event that releases a 28-kDa C-terminal fragment (Cl. LPL, which includes the V5 tag). The medium from LPL-transfected cells (or medium alone) was incubated with CHO-K1 cells expressing S-protein-tagged GPIHBP1 at 48C in the presence or the absence of heparin (500 U/ml). After 2 h, cell extracts were prepared and western blots were performed. GPIHBP1 was detected with a rabbit antibody against the S-protein tag; LPL was detected with a mouse antibody against the V5 tag. Antibodies against actin were used as a loading control. The relative amounts of LPL added to the cells (the binding cocktail) were assessed with an antibody against the V5 tag (top panel). The intensities of band signals were quantified with a Li-Cor Odessey scanner. The binding of the C-terminal fragment of LPL-V5 (G409R) to GPIHBP1 in the absence of heparin was 3.3 times greater (relative to GPIHBP1) than the binding of full-length LPL-V5 to GPIHBP1. The binding of the C-terminal fragment of LPL-V5 (E410V) to GPIHBP1 in the absence of heparin was 3.1 times greater (relative to the GPIHBP1 signal) than the binding of LPL-V5 to GPIHBP1.
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whether it binds to GPIHBP1, we created an LPL-V5 construct containing an N-terminal S-protein tag (ST-LPL-V5). The full-length ST-LPL-V5 was capable of binding to GPIHBP1 as it was detected in cell extracts by both the V5 and S-protein antibodies (Fig. 2) . LPL-V5 (G409R) and ST-LPL-V5 (G409R) were susceptible to furin cleavage, releasing the same 28-kDa C-terminal fragment (detected with the V5 antibody) and a 39-kDa N-terminal fragment (detected with the S-protein antibody) (Fig. 2) . The C-terminal fragment, but not the N-terminal fragment, bound to GPIHBP1 (Fig. 2) , indicating that the two segments of mutant LPL did not remain attached to each other. We also assessed the binding of LPL and LPL cleavage fragments to GPIHBP1-expressing cells by immunofluorescence microscopy ( Figs 3 and 4) . In these studies, we mixed cells that had been transfected with GPIHBP1 with other cells that had been transfected with an LPL construct. The next day, we prepared permeabilized and non- In this experiment, we tested the ability of LPL-V5, ST-LPL-V5, LPL-V5 (G409R) and ST-LPL-V5 (G409R) to bind to 96-well plates that had been coated with the LPL-specific monoclonal antibody 5D2 (epitope, LPL amino acids 380-410) (22) . When ST-LPL-V5 was added to 5D2-coated wells, binding was readily detected with both V5 and S-protein antibodies. However, in the case of the ST-LPL-V5 (G409R) preparation, binding was detectable only with the V5 antibody and not with the S-protein antibody, indicating that LPL's C-and N-terminal fragments do not remain associated with each other after furin cleavage.
LPL proteins with in-frame deletions of the N-terminal catalytic domain are susceptible to endoproteolytic cleavage
To further examine the notion that the C terminus of LPL (detached from the N terminus) binds to GPIHBP1, we expressed mutant LPLs with in-frame deletions of large segments of the N-terminal domain. LPLs with several in-frame deletions [e.g. LPL-V5 (D50-199) and LPL-V5 (D50-289)] were susceptible to furin cleavage, and the familiar 28-kDa Figure 2 . Western blot assays of LPL binding to GPIHBP1-expressing CHO-K1 cells. Cells were incubated at 48C for 2 h with medium alone or medium containing LPL-V5, a modified LPL-V5 construct with an N-terminal S-protein tag (ST-LPL-V5), LPL-V5 with a G409R mutation or ST-LPL-V5 with a G409R mutation, in the presence or the absence of heparin (500 U/ml). Western blots were performed on cell extracts. GPIHBP1 in the cell extracts was detected with a GPIHBP1-specific rat antibody; LPL was detected with a mouse antibody against the V5 tag or a rabbit antibody against the S-protein tag. Antibodies against actin were used as a loading control. The relative amounts of LPL added to the cells (the binding cocktail) were assessed with antibodies against the V5 tag and S-protein tag (top panel). The intensities of band signals with the V5-tag antibody were quantified with a Li-Cor Odessey scanner. The binding of the C-terminal fragment of LPL-V5 (G409R) to GPIHBP1 in the absence of heparin was 3.4 times greater (relative to the GPIHBP1 signal) than the binding of LPL-V5 to GPIHBP1.
C-terminal fragment was released into the medium (see 'binding cocktail' in Fig. 5 ).
When cells expressing LPL-V5 (D50-289) were treated with a furin inhibitor, the cleavage event was abolished and the fulllength protein was secreted into the medium (Supplementary Material, Fig. S5 ). Full-length LPL-V5 (D50-289) was also secreted into the medium after introducing an R297A mutation (Supplementary Material, Fig. S5 ).
Binding of LPLs with in-frame deletions to GPIHBP1
As expected, the 28-kDa C-terminal fragment from LPL-V5 (D50-289) bound to GPIHBP1-expressing cells avidly, as judged by the western blot assay ( Binding of the C-terminal domain from LPL-V5 (D50-289) and ST-LPL-V5 (D50-289) to GPIHBP1-expressing cells was also evident from immunofluorescence microscopy assays. The binding of ST-LPL-V5 (green) to GPIHBP1-transfected cells (red) was easily detectable, yielding yellow-colored cells on the merged image [regardless of whether LPL was detected with the V5 antibody (Fig. 6 ) or with the S-protein antibody (Fig. 7) ]. Binding of LPL-V5 (D50-289) and ST-LPL-V5 (D50-289) (both of which are cleaved at residue 297) could be detected with the V5 antibody (Fig. 6) but not the S-protein antibody (Fig. 7) , indicating that the N terminus of ST-LPL-V5 (D50-289) does not stay attached to the C terminus. Immunofluorescence microscopy assay of LPL binding to GPIHBP1-expressing CHO-K1 cells. CHO-K1 cells that had been transfected with GPIHBP1 were mixed with cells that had been transfected with LPL-V5, ST-LPL-V5, LPL-V5 (G409R) or ST-LPL-V5 (G409R). The next day, permeabilized and non-permeabilized cells were analyzed by immunocytochemistry. GPIHBP1 (red) was detected with a rabbit antibody against GPIHBP1; LPL (green) was detected with a mouse antibody against the V5 tag. Nuclei (blue) were stained with DAPI.
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Assessing binding to GPIHBP1 of C-terminal LPL fragments harboring C418Y or E421K mutations
To determine if the binding of LPL's C terminus to GPIHBP1 is specific, we generated LPL-V5 (D50-289) expression vectors with a C418Y or an E421K mutation (these mutations block the ability of full-length LPL to bind to GPIHBP1) (14) . Like LPL-V5 (D50-289), LPL-V5 (D50-289;C418Y) is susceptible to furin cleavage, yielding a 28-kDa C-terminal fragment. However, unlike the C-terminus from LPL-V5 (D50-289), the C terminus from LPL-V5 (D50-289;C418Y) does not bind to GPIHBP1, as judged by the western blot assay (Fig. 8A) . Similarly, following furin cleavage, LPL-V5 (D50-289;E421K) yielded a 28-kDa fragment that did not bind to GPIHBP1 (Fig. 8A) .
Similar results were obtained with a cell-free LPL-GPIHBP1-binding assay (Fig. 8B-D) . In this assay, LPL-V5 (D50-289), LPL-V5 (D50-289;C418Y) and LPL-V5 (D50-289;E421K) preparations were incubated with soluble GPIHBP1 that had been captured on agarose beads coated with a GPIHBP1-specific monoclonal antibody. After 1 h, the soluble GPIHBP1 (and any LPL fragments bound to GPIHBP1) were eluted from the antibody-coated beads with 0.1 M glycine, pH 2.5. The C terminus of LPL-V5 (D50-289) bound to GPIHBP1 and eluted with GPIHBP1 (Fig. 8B) . However, the corresponding C-terminal fragments from LPL-V5 (D50-289;C418Y) and LPL-V5 (D50-289;E421K) did not bind to GPIHBP1; consequently, all of the LPL was detected in the flow through fraction (unbound fraction) and none could be eluted from the beads with the glycine elution buffer (Fig. 8C-D) . Immunofluorescence microscopy assay of LPL binding to GPIHBP1-expressing CHO-K1 cells. CHO-K1 cells that had been transfected with GPIHBP1 were mixed with cells that had been transfected with LPL-V5, ST-LPL-V5, LPL-V5 (G409R) or ST-LPL-V5 (G409R). The next day, permeabilized and non-permeabilized cells were analyzed by immunocytochemistry. GPIHBP1 (red) was detected with a rat antibody against GPIHBP1; LPL (green) was detected with a rabbit antibody against the S-protein tag. Nuclei (blue) were stained with DAPI.
We also used the immunofluorescence microscopy assay to assess the ability of C-terminal LPL fragments with the C418Y or E421K substitutions to bind to GPIHBP1 (Supplementary Material, Fig. S7 ). Neither LPL-V5 (D50-289; C418Y) nor LPL-V5 (D50-289;E421K) was capable of binding to GPIHBP1; hence, there was no colocalization of LPL and GPIHBP1 signals on the merged images. Simultaneously, we examined the effect of the R297A mutation on GPIHBP1 binding. Both LPL-V5 (R297A) and LPL-V5 (D50-289;R297A) bound normally to GPIHBP1, as judged by the presence of yellow-colored cells on the merged images (Supplementary Material, Fig. S7 ).
Binding of LPL's C-terminal fragment to GPIHBP1 after exposure to denaturing conditions
We investigated the effects of denaturing conditions on the ability of LPL-V5 and LPL-V5 (D50-289) to bind to GPIHBP1. As reported earlier (16), exposing LPL-V5 to denaturing conditions abolishes its ability to bind to GPIHBP1 (Fig. 9) . However, when LPL-V5 (D50-289) was exposed to the same denaturing conditions, it was able to bind to GPIHBP1, implying that the C-terminal domain of LPL (when free of the N-terminal domain) is capable of refolding and assuming the proper conformation for GPIHBP1 binding.
DISCUSSION
In an earlier study, we showed that the exposure of LPL-V5 to denaturing conditions abolished its capacity to bind to GPIHBP1 (16) . That finding suggested that LPL dimers might be important for GPIHBP1 binding (i.e. that LPL's GPIHBP1-binding domain might involve sequences from the N-terminal domain of one monomer and the C-terminal domain of the partner monomer). However, our current studies show that this is not the case. We showed that LPL-V5 (G409R), LPL-V5 (G410V) and multiple LPL mutants with in-frame deletions of LPL's catalytic domain are highly susceptible to furin cleavage and that the C-terminal domain released by this cleavage event (amino acids 298-448) binds GPIHBP1 avidly (and independently of the N-terminal fragment). Binding of LPL's C terminus to GPIHBP1 was observed in two cell-based assays (the western blot and immunofluorescence microscopy assays) along with a cell-free assay of LPL binding to soluble GPIHBP1. Like full-length LPL (2, 14) , the binding of LPL's C-terminal fragment to GPIHBP1 was inhibited by heparin and was abolished by C418Y or E421K mutations. Given that the C terminus is sufficient for GPIHBP1 binding, our LPL denaturation studies need to be interpreted differently. When full-length LPL is subjected to denaturing conditions, it would appear its C-terminal sequences are unable to refold properly and therefore cannot bind to GPIHBP1.
No one has yet determined the structure of LPL, likely because LPL dimers are notoriously unstable (12) . However, our current experiments suggest that it might be possible to move forward with the C-terminal fragments of LPL. First, it is encouraging that LPL's C terminus, free of the N terminus, is secreted from cells quite well. Previous studies have shown that missense mutations in LPL's N terminus can interfere with LPL secretion (23, 24) , but we showed that C-terminal LPL fragments are secreted from cells efficiently. Second, it is encouraging that, unlike full-length LPL, the C-terminal domain of LPL refolds and binds GPIHBP1 after exposure to denaturing conditions. Structural studies of the C terminus should make it possible to understand both Figure 5 . Western blot assays of LPL binding to CHO-K1 cells expressing S-protein-tagged GPIHBP1. GPIHBP1-transfected cells were incubated at 48C with cell culture medium alone, LPL-V5 or LPL-V5 proteins with the indicated substitutions or in-frame deletions, in the presence or the absence of heparin (500 U/ ml). After 2 h, cell extracts were prepared, and GPIHBP1 was detected with a rabbit antibody against the S-protein tag; LPL was detected with a mouse antibody against the V5 tag. Antibodies against actin were used as a loading control. The relative amounts of LPL added to the cells (the binding cocktail) were assessed with an antibody against the V5 tag (top panel).
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LPL's GPIHBP1-binding sequences and its triglyceridebinding sequences. Also, these studies should reveal how specific amino acid substitutions in LPL's C terminus (e.g. C418Y and E421K) interfere with GPIHBP1 binding. The current studies define an entirely new mechanism by which LPL mutations can cause disease-rendering the enzyme susceptible to endoproteolytic cleavage. The E410V mutation was originally identified in a 3-year-old boy with chylomicronemia (17) , and a G412R mutation was identified in a mutant line of domestic cats with chylomicronemia (Gly-412 in the cat LPL corresponds to Gly-409 in human LPL) (18) . Both mutations are associated with very low levels of LPL mass and activity in the post-heparin plasma (17, 18) . However, the mechanism for those findings was not clear, and no one had examined the mutant LPLs with western blots. Our studies demonstrated that these mutations render LPL susceptible to furin cleavage at residue 297. Wildtype LPL is also cleaved by furin (Figs 1, 2, 5 and 8 and Supplementary Material, Figs S1, S2 and S6) but only to a minimal degree. The E410V and G409R substitutions apparently alter conformation so as to expose LPL's furin cleavage site. Interestingly, there is evidence that LPL's furin cleavage site is physiologically important. ANGPTL3 inactivates LPL by rendering it susceptible to furin cleavage, and it is noteworthy that a similar LPL fragment can be detected in human post-heparin plasma (21) . While the furin cleavage of LPL can occur in the secretory pathway, it also occurs at the surface of cells after secretion (21) .
In the case of wild-type LPL-V5, the inhibition of furin cleavage with CMK or an R297A mutation had little effect on LPL secretion from cells. However, in the case of G409R and E410V mutations, CMK (or the R297A mutation) Figure 6 . Immunofluorescence microscopy assay of LPL binding to GPIHBP1-expressing CHO-K1 cells. CHO-K1 cells that had been transfected with GPIHBP1 were mixed with cells that had been transfected with LPL-V5, ST-LPL-V5, LPL-V5 (D50-289) or ST-LPL-V5 (D50-289). The next day, permeabilized and non-permeabilized cells were analyzed by immunocytochemistry. GPIHBP1 (red) was detected with a rabbit antibody against GPIHBP1; LPL (green) was detected with a mouse antibody against the V5 tag. Nuclei (blue) were stained with DAPI.
abolished LPL secretion. It would appear that, in the setting of the G409R or E410V mutations, furin cleavage actually allows the LPL fragments to be secreted. Presumably, when furin cleavage is inhibited, these LPL mutants are more susceptible to being degraded within the secretory pathway. From a therapeutic standpoint, this finding was somewhat disappointing. Any attempt to treat a chylomicronemia patient harboring Gly-409 or Glu-410 mutations with a furin inhibitor would likely be fruitless. While a potent inhibitor might well prevent the cleavage of LPL, it would probably also abolish LPL secretion from cells.
The fact that the G409 and E410 increased susceptibility to furin cleavage will give clinical geneticists more to think about when considering mechanisms by which LPL mutations (as well as commonly occurring LPL polymorphisms) affect plasma triglyceride levels. We would not be surprised if future studies uncovered LPL mutations with subtle effects on susceptibility to furin cleavage, or perhaps mutations that render LPL more susceptible to inactivation by ANGPTL3 or ANGPTL4.
In summary, we have shown that the C terminus of LPL, detached from the N terminus, is sufficient for specific binding to GPIHBP1. We also demonstrate a new mechanism for LPL mutations-enhanced susceptibility to a furin cleavage.
MATERIALS AND METHODS

GPIHBP1 and LPL expression vectors and cell transfections
Expression vectors for human and mouse GPIHBP1 (an untagged version and a version with an N-terminal S-protein Figure 7 . Immunofluorescence microscopy assay of LPL binding to GPIHBP1-expressing CHO-K1 cells. CHO-K1 cells that had been transfected with GPIHBP1 were mixed with cells that had been transfected with LPL-V5, ST-LPL-V5, LPL-V5 (D50-289) or ST-LPL-V5 (D50-289). The next day, permeabilized and non-permeabilized cells were analyzed by immunocytochemistry. GPIHBP1 (red) was detected with a rat antibody against GPIHBP1; LPL (green) was detected with a rabbit antibody against the S-protein tag. Nuclei (blue) were stained with DAPI.
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Human Molecular Genetics, 2012, Vol. 21, No. 13 tag) have been described previously (2,5 -7,16 ). An expression construct for human LPL with a C-terminal V5 tag (LPL-V5) (2) was obtained from Dr Mark Doolittle (University of California, Los Angeles). LPL-V5 was modified by adding an S-protein tag to its N terminus (generating ST-LPL-V5). Sitedirected mutagenesis (QuikChange kit, Agilent Technologies) was used to introduce point mutations into LPL constructs. All constructs were validated by DNA sequencing.
To express GPIHBP1 or LPL in CHO-K1 cells, 5 × 10 6 cells were electroporated with 5 mg of plasmid DNA with the Nucleofector II apparatus (Lonza). Following the electroporation, cells were grown for 24 h in serum-free medium containing protease inhibitors. LPL from the conditioned medium was concentrated 10-fold with an Amicon filter [Amicon Ultra 10 000 nominal molecular weight limit (NMWL) filter] and used for GPIHBP1-binding assays. The LPL preparations were detected by western blotting with a mouse monoclonal antibody against the V5 tag (1:200, Invitrogen) or a rabbit polyclonal antibody against the S-protein tag (1:1000, Abcam).
Binding of LPL to GPIHBP1-transfected CHO cells
CHO-K1 cells were transfected with an untagged or an Sprotein-tagged GPIHBP1 expression vector and grown in 24-well tissue culture plates; the cells were then incubated for 2 h at 48C with LPL-V5 (400 ml/well) or various mutant LPLs. In some wells, heparin (500 U/ml) was added to the medium. Cells were then washed six times with ice-cold PBS containing 1 mM MgCl 2 and 1 mM CaCl 2 (PBS/Mg/Ca), and cell extracts were collected in RIPA buffer (PBS containing 1% Triton X-100, 0.5% deoxycholate and 0.02% SDS) with complete mini EDTA-free protease inhibitors (Roche). The LPL preparations used in the binding assays, the amount of LPL bound to GPIHBP1-transfected cells (i.e. the amount of LPL in the cell extracts) and the amount of GPIHBP1 in the cell extracts were assessed by western blotting (5, 6, 16) . Proteins in cell extracts were size-fractionated on 12 or 4 -12% Bis -Tris SDS-polyacrylamide gels; the separated proteins were then transferred to nitrocellulose for western blotting. The antibody dilutions for western blots were 1:1000 for a rabbit polyclonal antibody against the S-protein tag (Abcam); 1:200 for a mouse monoclonal antibody against the V5 tag (Invitrogen); 1:500 for a rabbit polyclonal antibody against b-actin (Abcam); 1:500 for a mouse monoclonal antibody against b-actin (Abcam); 1:500 for a rat monoclonal antibody against GPIHBP1 (6,16); 1:500 for an IRdye800-conjugated donkey anti-mouse IgG; 1:1000 for an IRdye800-conjugated donkey anti-rat IgG; 1:1000 for an IRdye800-conjugated donkey anti-rabbit IgG; 1:2000 for an to soluble GPIHBP1 that had been captured on agarose beads coated with a GPIHBP1-specific monoclonal antibody. After 1 h, GPIHBP1 (and any bound LPL) was eluted from the antibody-coated beads with 0.1 M glycine, pH 2.5. The starting material, the material that did not bind to the beads (unbound fraction), the wash fractions and the glycine buffer elution fractions were assessed by western blotting with a rabbit antibody against GPIHBP1 and a mouse antibody against the V5 tag.
IRdye680-conjugated donkey anti-mouse IgG; and 1:2000 for an IRdye680-conjugated donkey anti-rabbit IgG (all from Li-Cor). Antibody binding was visualized with an Odyssey infrared scanner (Li-Cor).
Immunofluorescence microscopy CHO-K1 cells (1 × 10 6 ) were electroporated with 2 mg of either a mouse GPIHBP1 expression vector or an LPL expression vector. After the transfections, the two groups of cells were mixed together in roughly equal numbers and plated on coverslips in 24-well plates. Twenty-four hours later, the cells were washed extensively and fixed in 3% paraformaldehyde. After a 1-h incubation in blocking buffer (PBS/Mg/Ca containing 10% donkey serum), the cells were incubated with a rabbit polyclonal antibody against the S-protein tag (1:500, Abcam), a rat monoclonal against GPIHBP1 (1:1000), a rabbit polyclonal against GPIHBP1 (1:500) and/or a mouse monoclonal antibody against the V5 tag (1:100, Invitrogen) for 1 h. After washing, the cells were incubated for 30 min with an Alexa 568-conjugated donkey anti-rabbit IgG (1:800, Invitrogen), a DyLight 550-conjugated donkey anti-rat IgG (1:800, Abcam), an Alexa 488-conjugated donkey anti-mouse IgG (1:800, Invitrogen) and/or an Alexa 488-conjugated donkey anti-rabbit IgG (1:800, Invitrogen). After a final washing step, the cells were stained with DAPI to visualize DNA. In some experiments, cells were permeabilized with 0.2% Triton X-100.
Images were recorded with an Axiovert 200M microscope (equipped with an LSM 700 confocal scanning module) and processed with the Zen 2010 software (all from Zeiss). The exposure conditions for each image within an experiment were fixed and identical.
Binding of LPL preparations to 96-well plates coated with an LPL-specific monoclonal antibody A 96-well plate was coated overnight with the LPL-specific antibody 5D2, which binds to the C terminal region of LPL (amino acids 380-410) (22) . After washing the plates and blocking any remaining binding sites with Starting Block (Pierce), the plates were incubated with LPL preparations for 2 h at 48C. Wells were then washed with PBS/Mg/Ca containing 0.1% Tween-20, and LPL binding to antibody 5D2 was detected with a horseradish peroxidase (HRP)-labeled rabbit polyclonal antibody against the V5 tag (0.5 mg/ml, Abcam) or an HRP-labeled rabbit polyclonal antibody against the S-protein tag (0.5 mg/ml, Abcam) followed by an incubation with TMB 1-Component HRP Microwell Substrate (SUB1, ImmunoChemistry Technologies). Figure 9 . Binding of LPL-V5 and LPL-V5 (D50-289) to soluble GPIHBP1 captured by agarose beads coated with a GPIHBP1-specific antibody. Native LPL-V5 and LPL-V5 (D50-289), along with the same LPL preparations that had been exposed to denaturing conditions (heating to 508C or treatment with 3 M guanidine hydrochloride followed by dialysis against PBS), were incubated with soluble GPIHBP1 on antibody-coated beads. After 1 h, GPIHBP1 (and any bound LPL) was eluted from the antibody-coated beads with 0.1 M glycine, pH 2.5. The starting material, the unbound fraction, the wash fractions and the glycine buffer elution fractions were assessed by western blots with a rabbit antibody against GPIHBP1 and a mouse antibody against the V5 tag.
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Effect of furin inhibition on secretion of LPL from transfected cells CHO-K1 cells were electroporated with different LPL expression vectors and were then grown in a medium in the presence or the absence of 50 mM decanoyl-RVKR-chloromethylketone (CMK, Calbiochem) for 24 h. Cell extracts and samples of conditioned medium were then analyzed by western blotting. Simultaneously, we assessed the effect of an LPL missense mutation, R297A, on the secretion of LPL. The R297A mutation blocks the furin cleavage of LPL (20) .
Binding of LPL to soluble GPIHBP1 captured on agarose beads coated with a GPIHBP1-specific monoclonal antibody CHO-K1 cells were electroporated with a vector encoding a soluble version of mouse GPIHBP1 (truncated after Q197 and therefore not GPI-anchored) (6) . After 48 h, conditioned medium was collected and concentrated 10-fold with an Amicon Ultra 10 000 filter. Binding of LPL proteins to soluble GPIHBP1 was assessed with a cell-free binding assay (6) . Medium containing soluble mouse GPIHBP1 was mixed with LPL preparations and agarose beads coated with the GPIHBP1-specific monoclonal antibody 11A12 in PBS containing 0.2% NP-40 (6). After 2 h, beads were washed, and the soluble GPIHBP1, together with any bound LPL, was eluted from the beads with 0.1 M glycine, pH 2.5. The amounts of GPIHBP1 and LPL in the starting material, the unbound fraction and each wash and elution fraction were assessed by western blotting. This same assay was used to test the GPIHBP1-binding capacity of LPL preparations that had been exposed to denaturing conditions (heating to 508C for 16 h or incubation with 3 M guanidine hydrochloride for 16 h followed by dialysis against PBS).
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